MT1-MMP (membrane type 1 matrix metalloproteinase) is a membrane-anchored MMP that can be shed to the extracellular milieu. In the present study we report the primary structure and activity of the major soluble form of MT1-MMP. MS analysis of the purified 50-kDa soluble MT1-MMP form shows that the enzyme extends from Tyr 112 to Val 524 , indicating that formation of this species requires a proteolytic cleavage within the stem region. In agreement, deletion of the entire stem region of MT1-MMP inhibited shedding of the 50-kDa species. A recombinant 50-kDa species (Tyr 112 -Val 524 ) expressed in cells exhibited enzymatic activity against pro-MMP-2 and galectin-3, and thus this species is a competent protease. The recombinant 50-kDa soluble form also decreased the level of surface-associated TIMP-2 (tissue inhibitor of metalloproteinase 2) when administered to cells expressing wild-type membrane-anchored MT1-MMP, suggesting that ectodomain shedding of MT1-MMP can alter the MMP/TIMP balance on the cell surface. A ∼ 53-kDa species of MT1-MMP was also isolated from a non-detergent extract of human breast carcinoma tissue and was found to lack the cytosolic tail, as determined with specific MT1-MMP domain antibodies. Together, these data show that MT1-MMP ectodomain shedding is a physiological process that may broaden MT1-MMP activity to the pericellular space.
INTRODUCTION
MT1-MMP (membrane type 1 matrix metalloproteinase) is a type I membrane-anchored MMP that has been shown to play a critical role in the pericellular degradation of connective tissue matrix by directly hydrolysing native collagen I [1] [2] [3] , and indirectly by initiating a cascade of zymogen activation at the cell surface, which leads to the generation of active MMP-2 (gelatinase A) [4] , MMP-13 (collagenase-3) [5, 6] and MMP-9 [6, 7] . MT1-MMP also degrades a variety of surface-associated proteins, including growth factors, cytokines and cell adhesion receptors [8] [9] [10] [11] , indicating that MT1-MMP is a major mediator of surface proteolysis. In agreement with this property, MT1-MMP has been shown to be involved in various pathological and physiological processes, including cancer metastasis, angiogenesis, arthritis and bone development [12, 13] . Structurally, MT1-MMP possesses all of the classic MMP domains, including a pro-peptide, a zinc-containing catalytic domain, a hinge region and a haemopexin-like domain. As a membrane-anchored protein, MT1-MMP contains a transmembrane domain comprising a stretch of ∼ 20 hydrophobic amino acids followed by a short cytoplasmic tail [14] . Between the transmembrane domain and the haemopexin-like domain there is a short stretch of residues which constitute a so-called 'stem' region of unknown function [15] . Similar to all MMPs, MT1-MMP is inhibited by the TIMPs (tissue inhibitors of metalloproteinases). However, MT1-MMP discriminates among the members of the TIMP family, with TIMP-2, TIMP-3 and TIMP-4 being highaffinity inhibitors, whereas TIMP-1 is the weakest MT1-MMP inhibitor [16] . The interactions of MT1-MMP with TIMP-2 go beyond inhibition of catalytic activity, and in some instances may promote proteolysis. The complex of MT1-MMP with TIMP-2 can act as a cell surface 'receptor' for pro-MMP-2, which is then activated by a neighboring TIMP-2-free MT1-MMP [4] . In addition, TIMP-2 inhibits the autocatalytic turnover of MT1-MMP at the cell surface, which also promotes MT1-MMP-dependent activity [16, 17] .
As a membrane-anchored protein, MT1-MMP exhibits a unique mechanism of regulation involving processing and shedding, which regulate the level of mature MT1-MMP at the cell surface and generate MT1-MMP forms with different functions and cellular distribution. MT1-MMP processing is an autocatalytic event, which leads to the generation of a major 44-kDa membraneanchored degradation product, extending from Gly 285 to Val 582 and thus lacking the catalytic domain and the release of an inactive 18-kDa soluble fragment, starting at Tyr 112 and ending at Ala 255 , into the extracellular space [18] [19] [20] [21] . The remaining membrane-anchored 44-kDa form of MT1-MMP, which contains the haemopexin-like domain, has been shown to maintain binding to collagen and thus may influence the activity of the mature MT1-MMP [22] . The soluble 18-kDa fragment is generated by two cleavage events, firstly at the Gly 284 -Gly 285 peptide bond and then at the Ala 255 -Ile 256 site. The latter is an amino acid upstream of the conserved methionine turn [14] , and thus cleavage at this site results in inactivation of enzymatic activity and inability to bind TIMP-2. The autocatalytic processing of MT1-MMP therefore might have evolved to terminate MT1-MMP activity both at the cell surface and in the pericellular space.
Mature MT1-MMP is also shed from the cell surface via a nonautocatalytic process that results in the release of various soluble forms [21] , and, as opposed to the autocatalytic processing, it Abbreviations used: CB, collagenase buffer; Con A, concanavalin A; DMEM, Dulbecco's modified Eagle's medium; HRP, horseradish peroxidase; mAb, monoclonal antibody; MMP, matrix metalloproteinase; MS/MS, tandem MS; MT-MMP, membrane type-MMP; pAb, polyclonal antibody; TAPI-1, tumour necrosis factor-α protease inhibitor-1; TIMP, tissue inhibitor of metalloproteinase. 1 Both authors contributed equally to this work. 2 To whom correspondence should be addressed (email rfridman@med.wayne.edu).
generates active soluble fragments. MT1-MMP shedding has been described in cultures of human mesangial [23] , breast carcinoma [21, 24, 25] , lung fibroblast [25] , endothelial [26, 27] and fibrosarcoma [21] cells. Soluble MT1-MMP forms were also detected in human sputum and bronchoalveolar lavage fluid [28] , suggesting that shedding occurs in vivo and may represent a physiologically relevant process. Mammalian cells that are engineered to express recombinant MT1-MMP also shed MT1-MMP into the supernatant [11, 19, 21] . The non-autocatalytic shedding of MT1-MMP produces a major soluble form ranging from ∼ 50-52 kDa and a minor form of ∼ 25-32 kDa. On the basis of the molecular mass, the 50-52-kDa species must represent shedding of the entire ectodomain including the catalytic domain [19, 21, [24] [25] [26] [27] . In agreement, media from the cells containing the 50-52-kDa soluble species of MT1-MMP promoted processing of pro-MMP-2 [21] and cleaved fibrinogen [27] . However, the precise nature of this species is unknown. In the present study we aimed to identify and to characterize the primary structure and activity of the ∼ 52-50-kDa soluble form of MT1-MMP and to identify equivalent species in breast carcinoma tissues. We report the primary structure and activity of the 50-kDa soluble form of MT1-MMP, which is a fully functional enzyme that is present in vivo and that has the potential to play a role in pericellular proteolysis.
EXPERIMENTAL

Cell culture
Non-malignant monkey kidney epithelial BS-C-1 (CCL-26) and CV-1 (CCL-70) cells and human fibrosarcoma HT-1080 (CCL-121) cells were obtained from the A.T.C.C. BS-C-1, CV-1 and HT1080 cells were cultured in DMEM (Dulbecco's modified Eagle's medium) supplemented with 10 % FBS (fetal bovine serum) and antibiotics (100 units/ml penicillin G sodium and 100 µg/ml streptomycin sulphate). Human HeLa S3 cells were purchased from the A.T.C.C. (CCL-2.2) and grown in suspension in MEM Spinner medium (Quality Biologicals, Gaithersburg, MD, U.S.A.) supplemented with 5 % horse serum and antibiotics (100 units/ml penicillin G sodium and 100 µg/ ml streptomycin sulphate).
Recombinant vaccinia viruses
The production of the recombinant vaccinia virus (vTF7-3) expressing bacteriophage T7 RNA polymerase has been described by Fuerst et al. [29] . Recombinant vaccinia viruses expressing MT1-MMP (vT7-MT1), pro-MMP-2 (vT7-GelA), TIMP-1 (vT7-T1) or TIMP-2 (vSC59-T2) were generated by homologous recombination, as described previously [29] .
Recombinant proteins, antibodies and protease inhibitors
Human recombinant pro-MMP-2, TIMP-2 and TIMP-1 were expressed in HeLa S3 cells infected with the appropriate recombinant vaccinia viruses and purified to homogeneity from the medium, as described previously [30] . Human recombinant galectin-3 and the rabbit polyclonal anti-galectin-3 antibody were gifts from Dr A. Raz (Karmanos Cancer Institute, Detroit, MI, U.S.A.). The rabbit pAb (polyclonal antibody) against the haemopexin-like domain of MT1-MMP (pAb437) [20] and the mAb (monoclonal antibody) against the catalytic domain of MT1-MMP (LEM-2/15) [27] , a gift from Dr A. Arroyo (Hospital de la Princesa, Madrid, Spain), have been described previously.
The rabbit pAb to the cytosolic tail of MT1-MMP (pAbCT) was purchased from Triple Point Biologics (Forest Grove, OR, U.S.A.). Marimastat was obtained from British Biotech (Oxford, U.K.). TAPI-1 (tumour necrosis factor-α protease inhibitor-1) was purchased from EMD Biosciences (San Diego, CA, U.S.A.).
Expression of wild-type MT1-MMP
Expression of wild-type MT1-MMP in BS-C-1 and CV-1 cells was carried out by co-infecting the cells with the vTF7-3 and vTF-MT1 vaccinia viruses, as described previously [20] . In some experiments with the BS-C-1 cells, 3 h post-infection the media were replaced with serum-free DMEM supplemented with 2 µM TAPI-1 final concentration followed by overnight incubation. Then, the serum-free conditioned media of the co-infected cells were collected, clarified and concentrated on a Centricon Plus-80 concentrator for further analyses. To remove TAPI-1, the media of infected BS-C-1 cells were dialysed against collagenase buffer (CB) [50 mM Tris/HCl, pH 7.5, 150 NaCl, 5 mM CaCl 2 and 0.2 % Brij-35]. In some experiments, these media samples were further centrifuged (100 000 g for 1 h) to remove any membrane fragments. The membrane pellet was solubilized in reducing sample buffer and resolved by SDS/PAGE followed by immunoblot analysis. The collected media and the membrane pellet were subjected to either immunoblot analyses using antibodies to various MT1-MMP domains, as described previously [20] , or to isolation of soluble MT1-MMP species as described below.
MMP inhibitor affinity purification of soluble MT1-MMP forms
The hydroxamate-based broad-spectrum MMP inhibitor batimastat (BB-94) [31] • C) on a rocker with the inhibitor-tethered matrix. In some experiments, the mixture of media and inhibitor-tethered matrix was supplemented with 100 nM of either TIMP-2 or TIMP-1. After a brief centrifugation, the supernatants were collected (unbound fraction) and the inhibitor-tethered matrix was washed first with CB followed by CB supplemented with 1 M NaCl. The bound proteins (bound fraction) were eluted with reducing SDS sample buffer or with 25 µM marimastat in CB. The bound and unbound fractions were resolved by reducing SDS/PAGE, followed by immunoblot analysis using domain specific anti-MT1-MMP antibodies.
Sequence of MT1-MMP ectodomain
BS-C-1 cells were co-infected to express MT1-MMP and the serum-free media were collected and subjected to the inhibitortethered matrix purification as described above. The bound proteins were eluted with SDS sample buffer, subjected to reducing SDS/PAGE, transferred on to a PVDF membrane and stained with Coomassie Blue R-250. An aliquot of the samples was subjected to immunoblot analysis to identify the MT1-MMP forms. The identified ∼ 50-kDa band was excised and sent for N-terminal microsequencing to ProSeq (Boxford, MA, U.S.A.). To determine the full sequence of the 50-kDa species, the corresponding protein band was excised from the Coomassie Blue-stained gel and sent to the Harvard Microchemistry Facility. The protein sample was digested with trypsin and AspN separately and combined for sequence analysis by microcapillary reverse-phase HPLC nanoelectrospray MS/MS (tandem MS) on a Finnigan LCQ DECA XP quadropole ion trap mass spectrometer. The resulting MS/MS spectra of the peptides were correlated with database using the algorithm SEQUEST and programs developed in the Facility [32] . The MS/MS peptide sequences were reviewed for consensus with known proteins and the result manually confirmed for fidelity. The peptides covered 72 % of the active MT1-MMP species by amino acid count.
Generation and expression of MT1-MMP mutants
To generate the 50-kDa (Tyr 112 -Val 524 ) soluble species of MT1-MMP, Ile 525 was substituted with a termination codon using the QuikChange ® site-directed mutagenesis kit (Stratagene, La Jolla, CA, U.S.A.) in the pTF7EMCV-1-MT1 expression vector containing the full-length human pro-MT1-MMP [20] . Deletion of the entire stem region ( Pro 509 -Gly 535 ) to generate stem-MT1 was carried out by mutagenic PCR using the same kit. The MT1-MMP mutants containing a single Ile 525 → Phe or a double Val 524 → Glu/Ile 525 → Glu substitution within the stem region were also generated with the QuikChange ® site-directed mutagenesis kit and pTF7EMCV-1-MT1 as a template. The fidelity of the constructs was verified by DNA sequencing in both directions. The pTF7EMCV-1-MT1 expression vectors encoding wildtype and mutant MT1-MMP forms were expressed in CV-1 cells using the infection/transfection procedure of the vaccinia expression system, as described previously [20, 33] . After infection/ transfection (18 h), the serum-free media were collected, clarified and concentrated with a Microcon YM-10 centrifugal filter device. The cells were solubilized in cold lysis buffer (25 mM Tris/HCl, pH 7.5, 1 % Nonidet P40 and 100 mM NaCl with protease inhibitors), centrifuged at 4
• C (15 000 g, 30 min) and the supernatant (lysate) was collected. The lysate and concentrated media samples were subjected to immunoblot analyses using domain-specific anti-MT1-MMP antibodies.
MT1-MMP activity assays
To examine the activity of the soluble recombinant 50-kDa (Tyr 112 -Val 524 ) species, CV-1 cells in six-well plates were infected/ transfected with vTF7-3 vaccinia virus and pTF7EMCV-1-MT1-50 to express the soluble 50-kDa (Tyr 112 -Val 524 ) as described previously [20, 33] . Control cells were infected with same amounts of vTF7-3, but received no plasmid DNA. After 18 h, the serumfree media were clarified by centrifugation, concentrated (10×) with a Microcon YM-10 centrifugal filter device and analysed for MT1-MMP activity by the MMP-14 Biotrak activity assay system (RPN 2637, Amersham Biosciences, Piscataway, NJ, U.S.A.) according to the manufacturer's intructions. Briefly, MT1-MMP species in biological samples are captured by a specific MT1-MMP antibody immobilized on a microtitre plate. The immobilized MT1-MMP is then incubated with a modified prourokinase detection enzyme, which can only be activated by active MT1-MMP. The activated detection enzyme then cleaves a chromogenic peptide substrate (S-2444 TM ) and the resultant colour was monitored at 405 nm in a spectrophotometer. The concentration of active MT1-MMP in the sample is then determined by interpolation from a standard curve of a soluble recombinant MT1-MMP, provided in the kit, and is reported as ng/ml of active MT1-MMP. In some experiments, CV-1 cells infected/transfected to express 50-kDa (Tyr 112 -Val 524 ) species or wild-type MT1-MMP, received either 10 nM pro-MMP-2 or 20 nM galectin-3 in serum-free media, 4 h after infection/transfection. After overnight incubation at 37
• C, aliquots of the conditioned media were analysed by gelatin zymography, as described [20] , or immunoblotting using an antibody to galectin-3.
Analysis of MT1-MMP forms shed by HT1080 cells
HT1080 cells grown in 150 mm tissue culture dishes were untreated or treated overnight with either 10 µg/ml Con A (concanavalin A) or 100 nM phorbol ester (PMA) in serum-free media. The conditioned media were collected and clarified by centrifugation and subjected to purification by the inhibitor-tethered matrix as described above. The bound proteins were eluted with SDS sample buffer and subjected to immunoblot analysis. To label cell surface proteins, confluent HT1080 cells in 150 mm dishes were untreated or treated with Con A (10 µg/ml) in serum-free media overnight and then surface biotinylated with 0.5 mg/ml sulpho-N-hydroxysuccinimido-biotin as described previously [21] . The surface-biotinylated cells were cultured overnight in serum-free media to allow MT1-MMP shedding. The conditioned media were collected, clarified by centrifugation and subjected to inhibitor-tethered affinity purification as described above. Aliquots of the eluates were subjected to SDS/PAGE followed by transfer on to a nitrocellulose membrane and detection of biotinylated proteins with streptavidin/HRP (horseradish peroxidase) and enhanced chemiluminescence. The positive bands were further identified with anti-MT1-MMP antibodies by immunoblot analysis.
Analysis of TIMP-2 cellular distribution
CV-1 cells in six-well plates were infected/transfected to express wild-type MT1-MMP as described previously [33] . As a control, some cells were infected with the vaccinia virus, but received no plasmid DNA. After 4 h, the media was changed and replaced with serum-free media containing 3.4 nM of recombinant human TIMP-2 in the presence or absence of media containing ∼ 50 ng of recombinant 50-kDa (Tyr 112 -Val 524 ) MT1-MMP, which was previously produced as described above. The amount of soluble 50-kDa (Tyr 112 -Val 524 ) MT1-MMP species was determined by the MMP-14 Biotrak activity assay system. After 16 h media were collected and clarified by centrifugation. The cells were rinsed twice with PBS, solubilized with cold lysis buffer and centrifuged. The lysate and media samples were analysed for TIMP-2 concentration by ELISA (QIA40, Oncogene Research Products, San Diego, CA, U.S.A.) as described by the manufacturer.
Identification of MT1-MMP in benign and malignant human breast tissue
Samples of benign and malignant breast tissue obtained from invasive breast carcinomas were collected from excess tissue sent for histopathological diagnosis to the Department of Pathology at Harper Hospital (Detroit, MI, U.S.A.). A total of six tumour samples of invasive breast carcinoma tissue, each from a different patient, were collected. Benign tissue was also collected from adjacent areas of the same tumour samples. The six malignant and benign tissue samples were pooled and homogenized in cold homogenization buffer (25 mM Tris/HCl pH 7.5, 8.5 % sucrose, 50 mM NaCl and protease inhibitors) and the extracts were centrifuged several times. To reduce lipid contamination, the supernatants were filtered through a 0.45 µm membrane filter and ultracentrifuged to pellet all insoluble particles. The total protein concentration was measured and adjusted with homogenization buffer. Equal protein amounts of benign and tumour tissue extracts were incubated with 100 µl of the inhibitor-tethered matrix with constant rotation at 4
• C overnight. The bound proteins were eluted with 25 µM marimastat in CB as described above. Aliquots of the eluates were subjected to SDS/PAGE and the MT1-MMP forms were detected by immunoblot analysis using domain-specific anti-MT1-MMP antibodies.
RESULTS
Soluble MT1-MMP forms
BS-C-1 cells were infected to express human MT1-MMP and then treated or untreated with TAPI-1, a metalloproteinase inhibitor. The media were then analysed for the presence of MT1-MMP soluble forms by immunoblot analysis using anti-MT1-MMP antibodies recognizing different enzyme domains ( Figure 1A) . As shown in Figure 1(B) , media of untreated cells analysed with a mAb to the catalytic domain (mAbLEM-2/15) contained three soluble MT1-MMP species of ∼ 50, 32 and 18 kDa ( Figure 1B,  lane 1) . TAPI-1 treatment of the cells inhibited the shedding of the 18-kDa form, which is in agreement with this species being the product of autocatalytic processing [18, 21] (Figure 1B, lane 2) . Also, in the presence of TAPI-1, higher amounts of the 32-kDa fragment, which sometimes appeared as a smear, were detected in the media ( Figure 1B, lane 2) . The amount of the 50-kDa species also slightly increased in the presence of TAPI-1 when compared with untreated cells. A ∼ 57-kDa species was also detected in the presence of TAPI-1 ( Figure 1B, lane 2) . A pAb against the cytosolic tail (pAbCT) of MT1-MMP recognized the 57-kDa species and a series of ∼ 44-40-kDa fragments ( Figure 1B, lane 3) , but not the 50-, 32-and 18-kDa species, suggesting that the presence of 57-and 44-40-kDa fragments in the media represent membraneanchored fragments shed in membrane vesicles. In agreement with this assertion, ultracentrifugation of the media ( Figure 1C , lane 5) derived from TAPI-1-treated cells (to detect the 32-kDa species) showed that the 57-and 44-40-kDa forms were found in the pellet fraction ( Figure 1C, lane 7) , whereas the 50-, 32-and 18-kDa species were detected in the supernatant ( Figure 1C,  lane 6) . Note that the pellet fraction ( Figure 1C, lane 7) was examined with the pAb against the haemopexin-like domain of MT1-MMP (pAb437) to identify the membrane-bound 44-40-kDa species lacking the catalytic domain [20] , whereas the total medium sample ( Figure 1C , lane 5) was examined with mAbLEM-2/15 against the catalytic domain and thus the 44-40-kDa species is not recognized in the total media sample (Figure 1C, lane 5) . However, a small amount of the 57-kDa species was readily detectable in the total sample under these conditions ( Figure 1C, lane 5) . That the 57-and 44-40-kDa detected in the pellet fraction are indeed present in the medium is clearly shown with the antibody against the cytosolic tail ( Figure 1B, lane 3) . Taken together, the ultracentrifugation data indicated that the 50-, 32-and 18-kDa species are truly soluble species of MT1-MMP.
The antibody pAb437 recognized the 50-kDa species and thus this form represents shedding of the entire ectodomain ( Figure 1B , lane 4) in medium from TAPI-1-treated cells. This antibody also detected a minor soluble fragment of ∼ 27 kDa, which was present in the media regardless of TAPI-1 treatment ( Figure 1B , lane 4). Since this form contains the haemopexin-like domain, the 27-kDa fragment is likely to be generated from shedding of the 44-kDa membrane bound form of MT1-MMP formed by autocatalytic processing of the 57-kDa active form [18, 20] . Figure 1(D) summarizes all the species of MT1-MMP detected in the media and their recognition by various domain antibodies.
Isolation of the 50-kDa MT1-MMP soluble form
The characterization of the shed MT1-MMP forms with the domain antibodies suggested the possibility that both the 50-and the 32-kDa species represent catalytically competent enzymes, which upon shedding may act in the extracellular milieu. To establish the precise nature of these species, it was necessary to purify them and determine their N-and C-terminal ends. To this end, we have developed an MMP-inhibitor based affinity purification method in which the broad-spectrum inhibitor batimastat (BB-94) is tethered to a resin [see Supplementary Figure 1 (http://www. BiochemJ.org/bj/387/bj3870497add.htm)]. The inhibitor resin was designed to specifically bind active MMPs in biological fluids. The effectiveness of the affinity approach was first tested with media conditioned by surface-biotinylated HT1080 cells untreated or treated with PMA or Con A, two agents previously shown to promote MT1-MMP shedding [21, 24] . After elution, bound biotinylated MT1-MMP forms were identified by streptavidin/HRP and mAb LEM-2/15 to the catalytic domain. The specificity of the avidin detection was determined using media from non-biotinylated HT1080 cells, whereas the specificity of the binding was established by competition with exogenous TIMPs (TIMP-2 and TIMP-1) using conditioned medium from BS-C-1 cells expressing MT1-MMP. As shown in Figure 2(A) , the inhibitor-tethered matrix captured a ∼ 50-52-kDa species of MT1-MMP present in the media of PMA-or Con A-treated HT1080 cells, which was 2, 5 and 6 ). The serum-free conditioned media were collected, incubated with the inhibitor-tethered matrix and the bound fractions were subjected to SDS/PAGE (12 % reducing gel) and transferred on to a nitrocellulose membrane. The same membrane was developed with streptavidin/HRP (lanes 1-4) and with mAbLEM-2/15 (lanes 5-8). (C) Serum-free media of MT1-MMP expressing BS-C-1 cells were incubated with the inhibitor-tethered matrix in the absence or presence of recombinant TIMP-2 or TIMP-1. The 50 kDa form of MT1-MMP in the unbound and bound fractions were detected by immunoblot analysis using the mAbLEM-2/15. detected in the eluate by immunoblot analysis with the catalytic domain antibody (Figure 2A, lanes 1 and 2) . Streptavidin/HRP detection of the fraction that had bound to the inhibitor-tethered resin showed the presence of a major biotinylated ∼ 50-52-kDa species ( Figure 2B, lane 3) , which was also identified with the LEM-2/15 mAb, consistent with being it MT1-MMP (Figure 2B, lane 8) . The media from Con A-treated cells contained higher levels of the biotinylated ∼ 50-52-kDa species and two minor biotinylated species of ∼ 40 and ∼ 32 kDa, which bound to the inhibitor resin ( Figure 2B, lane 4) . Whereas the biotinylated ∼ 50-52-kDa species was recognized with LEM-2/15 antibody, the smaller species were not ( Figure 2B, lane 8) . The biotinylated ∼ 32-kDa species may be the 32-kDa soluble fragment of MT1-MMP (shown in Figures 1B and 1C) , which due to its low amount and the difference in sensitivity of the detection methods could only be detected by streptavidin/HRP. The fractions derived from media of non-biotinylated HT1080 cells that had bound to the resin were not detected by streptavidin/HRP ( Figure 2B , lanes 1 and 2), but the bound 50-kDa MT1-MMP species was identified by immunoblot analysis ( Figure 2B, lane 6) . demonstrating the specificity of the biotinylation and avidin detection procedures. Addition of recombinant TIMP-2 to the medium of BS-C-1 cells expressing MT1-MMP prior to the affinity purification blocked binding of the 50-kDa species to the inhibitor resin and the bulk of this form was recovered in the unbound fraction ( Figure 2C, upper  panel) . In contrast, in the absence of TIMPs or in the presence of TIMP-1, the 50-kDa species was recovered in the bound fraction ( Figure 2C, lower panel) , indicating that the binding of MT1-MMP to the inhibitor-tethered matrix is specifically mediated by interactions with the active site. Taken together, these studies demonstrate that soluble active MT1-MMP forms, which are shed from the cell surface, can be captured with an immobilized MMP inhibitor and that they represent enzyme species with intact active sites.
Next, we set out to purify sufficient soluble active MT1-MMP species for sequencing as described in the Experimental section. To this end, we used media of BS-C-1 cells infected to express MT1-MMP [21] . The immunoblot of Figure 3(A) shows the results of a representative purification procedure with the inhibitortethered matrix. The 50-kDa soluble species was recovered in the resin-bound fractions ( Figure 3A, lanes 3 and 6) , whereas the fragments containing a truncated (18 kDa) [21] or lacking (∼ 40 and ∼ 27 kDa) catalytic domain were recovered in the unbound fraction ( Figure 3A, lanes 2 and 5 respectively) . The 50-kDa species was isolated and first subjected to N-terminal sequencing by 11 cycles of Edman degradation. This study indicated an N-terminus starting at Tyr 112 , which is the consensus start of active MT1-MMP [20] . For determination of the C-terminal end of the soluble 50-kDa species, the purified enzyme was excised from the gel and sent for ion-trap MS/MS peptide sequencing. Two enzymes (trypsin and AspN) were used to digest the protein and the resulting peptides were analysed as described in the Experimental section. These analyses showed that the last detected amino acid, according to the spectra defining the C-terminal end of the 50-kDa form, was Val 524 , which is a non-specific site for both enzymes used for sample preparation indicating that the cleavage site in ectodomain shedding is at the Figure 3B ).
Shedding of the 50-kDa species requires the stem region
The sequencing data suggested that shedding of the 50-kDa species of MT1-MMP occurs at the Val 524 -Ile 525 peptide bond within the stem region, which is located between the haemopexinlike domain and the transmembrane domain [15] . Therefore, we examined the effects of specific amino acid substitutions at the (double mutant) were generated in an attempt to mask the hydrophobicity of the cleavage site, which is flanked by several acidic residues [15] . These studies showed that the substitutions 
Enzymatic activity of the 50-kDa MT1-MMP species
A recombinant 50-kDa (Tyr 112 -Val 524 ) MT1-MMP was expressed in cells for functional studies as described in the Experimental section. As shown in Figure 5(A) , the cell lysate showed presence of three MT1-MMP forms, which are likely to be the pre-proform, the zymogen and the active form of the recombinant enzyme ( Figure 5A, lane 2) . In the media, we detected the recombinant 50-kDa species, as expected ( Figure 5A, lane 4) . The recombinant 50-kDa species appeared to be a stable form, since lowermolecular-mass fragments were not detected in the media, even after prolonged incubations, suggesting that the 32-kDa species is not likely to be a degradation product of the soluble form (50 kDa) of MT1-MMP. The 50-kDa-containing medium was examined for enzymatic activity using a peptide-based substrate assay as described in the Experimental section, and found to be active when compared with control media. The amount of active 50-kDa enzyme detected in the media was approx. 17 + − 0.5 ng/ml based on a standard curve using a soluble recombinant MT1-MMP. Also, cells expressing the recombinant 50-kDa (Tyr 112 -Val 524 ) enzyme converted pro-MMP-2 into the intermediate form ( Figure 5B, lane 3) , which is consistent with the ability of MT1-MMP to cleave within the prodomain of pro-MMP-2 at the Asn 37 -Leu 38 peptide bond, as reported previously [34, 35] . As expected, cells expressing the wild-type membrane-bound active MT1-MMP ( Figure 5B , lane 2) accomplished full pro-MMP-2 activation [20] . The activity studies also showed that galectin-3, a 31-kDa member of the β-galactoside-binding proteins, was cleaved to the 22-kDa degradation product [36] when exposed to cells expressing membrane-anchored wild-type MT1-MMP or the recombinant 50-kDa enzyme form ( Figure 5C , lanes 2 and 3 respectively). This activity was inhibited by TIMP-2, but not by TIMP-1, indicating that the galectin-3 cleavage was mediated by MT1-MMP (results not shown). Thus the shed ectodomain of MT1-MMP is a fully functional protease that can promote pericellular proteolysis.
50-kDa ectodomain binds TIMP-2 in the pericellular space
It has been previously shown that expression of the active MT1-MMP (57 kDa) promotes binding of TIMP-2 to the cell surface [20, 26] . Since the 50-kDa species of MT1-MMP also binds TIMP-2 ( Figure 2C ), we wished to examine whether excess of the soluble 50-kDa species in the pericellular space of cells expressing membrane-bound active MT1-MMP (57 kDa) could alter the distribution of TIMP-2 between the cell surface and the media. To this end, CV-1 cells were infected/transfected to express the wild-type MT1-MMP and then were incubated with TIMP-2 in the presence or absence of the recombinant 50-kDa species. Addition of the exogenous soluble 50-kDa species to the cells was preferred over co-expression of wild-type and 50-kDa MT1-MMP to avoid potential problems of intracellular trafficking and activation. The level of TIMP-2 associated with the cells and in the media was then measured by ELISA. In the absence of the 50-kDa enzyme, most of the TIMP-2 (75 %) was found in the cell lysate fraction consistent with binding of inhibitor to active MT1-MMP on the cell surface ( Figure 6 ). Addition of the 50-kDa species to the cells expressing MT1-MMP caused a significant decrease in cell-associated TIMP-2, which was then mostly localized in the supernatant fraction. The controls showed that in cells without membrane-anchored MT1-MMP and with soluble 50-kDa species alone, most of the TIMP-2 was detected in the media, demonstrating the specificity of the inhibitor binding. These studies suggest that shedding of MT1-MMP ectodomain may alter the balance of TIMP-2 between the cell surface and the pericellular space. A ∼ 53-kDa MT1-MMP form is detected in breast carcinoma tissue MT1-MMP is highly expressed in human breast carcinomas [37] . Therefore, we examined whether the MT1-MMP ectodomain could be detected in tissue extracts of benign and invasive breast carcinoma tissues obtained from fresh biopsies after surgery. To ensure that we would detect the soluble ectodomain (without the transmembrane domain), the tissues (benign and malignant) were homogenized in a sucrose-containing buffer without detergents. The extracts were then subjected to purification on the BB-94 resin to isolate the ectodomain of MT1-MMP, as described in the Experimental section. The MT1-MMP species in the bound fraction were detected by immunoblot analysis. As shown in Figure 7 (A), the LEM-2/15 mAb detected a ∼ 53-kDa species in the bound fraction derived from extracts of tumour ( Figure 7A , lane 1), but not from benign ( Figure 7A , lane 2) tissues, indicative of the high level of expression of MT1-MMP in breast carcinomas [37] . Interestingly, the molecular mass of this species (∼ 53 kDa) was slightly higher from that exhibited by the soluble 50-kDa MT1-MMP form found in cells infected to express MT1-MMP. The ∼ 53-kDa form was not detected when the same bound fractions were tested with the pAb to the cytosolic tail of MT1-MMP ( Figure 7B , lane 1), suggesting that this enzyme form represents a species of MT1-MMP lacking the cytosolic tail and possibly the transmembrane domain too, which is present in invasive breast carcinoma tissues.
DISCUSSION
MT1-MMP by the virtue of being a type I transmembrane protein undergoes a series of regulatory processes at the cell surface that tightly control enzyme level on the plasma membrane. MT1-MMP can be autocatalytically processed to an inactive species [18] [19] [20] , endocytosed from and/or recycled back to the cell surface [38] [39] [40] [41] [42] [43] and shed from the surface into the extracellular space [11, 21, 24] . We previously showed that ectodomain shedding of MT1-MMP is a complex process involving both autocatalytic and non-autocatalytic proteolysis that results in the release of a series of soluble MT1-MMP forms from the cell site in the stem region is involved in the formation of the 50-kDa soluble form of MT1-MMP. A previous study showed that MT5-MMP is also shed by cleavage at the stem region. However, as opposed to MT1-MMP, MT5-MMP shedding is mediated by furin, which cleaves the ectodomain of MT5-MMP in the transGolgi network [44] . It has been proposed that the stem region of MT5-MMP contains a cryptic furin-type convertase motif that is absent from the stem of MT1-MMP [44] . Thus, although both shedding processes are non-autocatalytic, they appear to involve the action of different proteases (discussed below). Structurally, the Val 524 -Ile 525 site within the stem region of MT1-MMP is surrounded by a glutamic acid-rich environment that is present in MT1-MMP, but not in other type I transmembrane MT-MMPs [14] . Although there is no structural information on the stem region, often the portions of proteins that connect different domains are surface flexible regions, which is consistent with the size and the location of the stem region in MT1-MMP. This likely flexibility for this region of MT1-MMP would predispose it to proteolysis, such as documented in the present report. A hallmark of such flexible structural regions is that modification of the identified site of proteolysis by mutagenesis is not likely to eliminate the proteolytic fragmentation. Even if mutagenesis would alter the specific cleavage site for a given enzyme such that MT1-MMP would no longer serve as a substrate at that site, the flexibility of the region would present an adjacent site for cleavage by the same enzyme or another. This may explain the lack of effect of various amino acid substitutions at the Val 524 -Ile 525 site.
Although the MS analysis of the purified 50-kDa species expressed in infected BS-C-1 cells indicates a C-terminal end at Val 524 , we found slight differences in the molecular mass of soluble MT1-MMP (∼ 50-53 kDa) from various sources (HT1080 cells, fibroblasts, breast carcinomas). These small differences in mass may be related to the existence of additional cleavage sites and/or to cell specific glycosylation of MT1-MMP [45] . Nevertheless, our data are consistent with the shedding of the 50-kDa species requiring proteolysis within the stem region, since stem-MT1 was not shed. Consistently, we also found that mouse embryonic fibroblasts deficient in both presenilin 1 and 2 and transfected to express human MT1-MMP shed the soluble 50-kDa species (results not shown), indicating that presenilin-dependent intramembrane proteolysis is not involved in this process. Although the nature of the protease(s) involved in MT1-MMP ectodomain shedding remains unknown, various protease inhibitors including metalloproteinase inhibitors, such as TIMP-2, TIMP-1, marimastat [21] , and TAPI-1 ( Figure 1A) , had no inhibitory effect, indicating that a metalloproteinase is not likely to be involved. In fact, metalloproteinase inhibitors caused a noticeable increase in the amount of the 50-kDa species detected in the media. Since metalloproteinase inhibitors inhibit the autocatalytic processing of MT1-MMP, this observation suggests that the rate of ectodomain shedding is influenced by the level of MT1-MMP on the cell surface, which is regulated by diverse processes such as endocytosis and processing [46] .
The sequencing information allowed us to express a soluble recombinant 50-kDa species (Tyr 112 -Val 524 ) that showed catalytic activity against two distinct extracellular MMP substrates, namely pro-MMP-2 and galectin-3. This is consistent with previous studies using various MT1-MMP soluble forms [3, 34, 35, 47, 48] .
Thus, ectodomain shedding of MT1-MMP has the potential to directly contribute to pericellular proteolysis. However, previous studies showed that cell invasion of a collagen matrix required the membrane-anchored form of MT1-MMP [2] . While this may be the case for collagen degradation, membrane-anchoring of MT1-MMP may not be an essential requirement for activity against other substrates. Recent evidence shows that MT1-MMP can also degrade important signalling molecules [11] . Thus we can propose that cellular activities other than collagen invasion may be equally or better served by shed forms of MT1-MMP. It will be interesting to determine the relative contribution of soluble versus membrane-tethered MT1-MMP to the cellular degradome, and whether there are preferred substrates (extracellular matrix versus nonextracellular matrix) for each enzyme form, which may influence different cellular activities.
We have found that the ectodomain of MT1-MMP (50 kDa), when added to cells expressing the membrane-anchored form of MT1-MMP (57 kDa), caused a significant decrease in cell associated TIMP-2. These data suggest that, under certain conditions, a soluble ectodomain of MT1-MMP may withdraw TIMP-2 away from the membrane-anchored form and thus alter the delicate MMP/TIMP balance on the cell surface. TIMP-2 binding to the membrane-tethered active MT1-MMP has a major impact on MT1-MMP activity [4] and on autocatalytic processing [18, 20] . Therefore, soluble active forms of MT1-MMP may indirectly influence the extent of pericellular proteolysis mediated by the membrane-anchored enzyme by modulating the availability of local TIMPs [49] .
The use of the inhibitor-tethered matrix also allowed us to identify, for the first time, a ∼ 53-kDa species of MT1-MMP in extracts of invasive breast carcinomas, which was recognized by an antibody to the catalytic domain, but not by an antibody to the cytosolic tail. Although the precise location of the cleavage site(s) (intra-stem or intra-transmembrane) involved in the formation of the ∼ 53-kDa species is unknown, the method used to homogenize the tissue for the affinity step is not suitable for solubilization of membrane-anchored proteins. This strongly suggests that the ∼ 53-kDa species is not anchored to the membrane and thus it may be a soluble form of MT1-MMP. The identification of this species in breast tumours suggests that ectodomain shedding of MT1-MMP occurs in vivo. In summary, the present report provides structural and functional information on the major soluble species of MT1-MMP produced by ectodomain shedding and underscores the complexity of MT1-MMP processing on the cell surface, which may impact on MT1-MMP-dependent proteolysis in the pericellular space. Furthermore, from the present work and previous studies with MT5-MMP [44] and MT3-MMP [33] , the emerging view is that ectodomain shedding by cleavage at the stem region is a novel mechanism of MT-MMP regulation of enzymatic activity.
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